We described previously the liquid phase synthesis and characterization of a nanostructured composite from an aqueous solution containing organic polymer and inorganic ions [J. Mater. Res. 7, 2599]. The nanocomposite, termed an organoceramic, consisted of poly(vinyl alcohol) chains intercalated between the principal layers of a hydrated calcium aluminate ceramic. A key structural feature of the organoceramic is the polymer-induced expansion of the interlayer spacing by approximately 10Å compared to the unmodified ceramic. In this paper, we describe the synthetic scheme that favors organoceramic formation and prove the existence of intercalated polymer by observation of reversible interlayer expansion and contraction in response to changes in ambient humidity. This property is unique to the organoceramic and is not observed in the unmodified calcium aluminate ceramic. Nanostructured composites consisting of layered inorganic solids and organic polymers have been widely investigated in recent years due to their interesting mechanical, thermal, optical, magnetic, and barrier properties.
Nanostructured composites consisting of layered inorganic solids and organic polymers have been widely investigated in recent years due to their interesting mechanical, thermal, optical, magnetic, and barrier properties. 1 Several approaches to the synthesis of layered nanocomposites have been described in the literature, including intercalation polymerization, [2] [3] [4] [5] delamination of layered solids in a monomer or polymer medium, [6] [7] [8] [9] intercalation of polymer from the melt, 10 and liquid phase synthesis of the nanocomposite from solution. [11] [12] [13] [14] [15] [16] For many of these synthetic approaches, a guest-host interaction exists between the inorganic and organic components, with a preformed inorganic solid typically serving as host for the organic component. Previously, we described a novel approach to the synthesis of layered nanocomposites through which macromolecules and inorganic layers are assembled in a one-step process from a supersaturated ionic solution containing dissolved polymer. 12 Unlike conventional a) Address all correspondence to this author.
guest-host syntheses, our synthetic strategy relies on the formation of the layered inorganic solid from soluble precursor ions during assembly of the nanocomposite. We successfully employed this approach to synthesize a novel nanocomposite of poly (vinyl 2 , containing anions and water. We found that solution intercalation of PVA into this layered calcium aluminate was not possible due to the limited swelling ability of the unmodified calcium aluminate. 12 However, under certain conditions the formation of calcium aluminate in the presence of dissolved PVA resulted in the formation of a layered nanocomposite, which we termed organoceramic. Its main structural feature was the expansion of the basal plane d-spacing from 7.9Å in the unmodified calcium aluminate to approximately 18Å in the organoceramic. We attributed the observed expansion to the formation of a layered nanostructure consisting of unmodified principal layers (ϳ8Å), separated by interlayers containing anions, polymer, and water (ϳ10 A).
12 Furthermore, we obtained this unique organoceramic structure only under strictly controlled reaction conditions; 16 failure to adhere to these conditions resulted in the formation of unmodified calcium aluminate with PVA adsorbed to the crystalline inorganic solid.
The existence of interlayer PVA in the organoceramic structure was recently disputed by Becze and Xu, 17 who synthesized a material similar in morphology to the organoceramic we reported previously, but which did not exhibit expansion in the ceramic interlayer spacing. These authors concluded that polymer chains are not intercalated between inorganic layers, and proposed that the organoceramic structure is a simple dispersion of calcium aluminate nanocrystals within a polymer matrix. This conclusion was based on powder x-ray diffraction (XRD) scans obtained by the authors on their products, which revealed diffraction peaks corresponding only to the unmodified calcium aluminate. We show here that when organoceramic synthesis is carried out under the proper conditions one does indeed obtain a clear XRD peak corresponding to polymer intercalation.
The appropriate procedure for synthesizing organoceramic involves the addition of a solution containing Ca 21 and Al 31 ions to a saturated Ca(OH) 2 solution containing poly(vinyl alcohol) (PVA) at 5 ± C. 18 The organoceramic, which formed immediately upon mixing of the two solutions, was recovered from the reaction solution and dried in vacuo to yield a white powder. Powder x-ray diffraction analysis of the organoceramic (Fig. 1 ) revealed a broad reflection centered at approximately 5 ± 2Q along with a small reflection at 11-12 ± 2Q that corresponds to the (002) reflection of a minor amount of unmodified calcium aluminate that formed during the organoceramic synthesis. As we showed previously, 12 the 5 ± 2Q peak corresponds to the organoceramic structure in which the PVA chains reside in the interlayer gallery between calcium aluminate principal layers. The calculated d-spacing of approximately 18Å is consistent with our earlier findings, in which the 10Å expansion in interlayer spacing is roughly equivalent to twice the van der Waals diameter of PVA chains. 12 We have found that a particularly important aspect of organoceramic synthesis is the ionic composition of the supersaturated calcium aluminate solution prepared from anhydrous monocalcium aluminate. 16 It is well known that when monocalcium aluminate is stirred with excess water the concentrations of Ca 21 and Al 31 in solution depend on stirring time, solids to liquid ratio, temperature, and other parameters. 19 As our own experiments have shown, 16 Fig. 2 is an XRD scan of the reaction product from an unsuccessful organoceramic synthesis, which exhibits a peak corresponding to unmodified calcium aluminate but no peak corresponding to the expanded interlayer spacing of the organoceramic. Nevertheless, scanning electron microscopic (SEM) examination of such samples (Fig. 3) revealed particle morphologies nearly identical to that observed for organoceramic. Therefore, it appears that even when the reaction products do not clearly reveal the peak corresponding to a d-spacing of 18Å, the rosette particle morphology can be obtained. The observed rosette morphology is most likely the result of crystal growth modifications induced by the presence of PVA, and therefore should not be used as the sole indicator of organoceramic formation. In addition to its enhanced thermal stability, 13,15 the organoceramic exhibits the ability to undergo interlayer expansion upon exposure to a humid atmosphere. Shown in Fig. 4 are XRD scans of organoceramic powders aged for two weeks at various humidities. 21 A relative humidity (RH) dependent shift in the organoceramic interlayer spacing was observed, with increasing %RH giving rise to a peak shift to lower 2Q values. Calculated equilibrium interlayer spacings of organoceramic powder exposed to humid atmospheres increased from the original value of 18Å at 0% RH to greater than 25Å at 75% RH. No expanded interlayer spacing was observed for the organoceramic aged at 90% RH for two weeks. However, given the trend of increasing interlayer spacing with increasing RH, it is likely that interlayer expansion at 90% RH resulted in a shift of the peak below the low angle limit of the instrument used for these measurements (3 ± 2Q). The reversibility of this behavior was demonstrated by drying the hydrated organoceramic powder, which lead to the reappearance of the 18Å peak. The humidity dependent changes observed in the XRD scans were accompanied by expansion and contraction of the organoceramic powder at high and low humidities, respectively. This reversible behavior was visible to the naked eye and can be explained on the basis of the hydrophilic nature of the intercalated PVA, which will expand the interlayer by absorption of water from the humid atmosphere. We speculate that gallery expansion may be aided by the exchange of free water for PVA segments bound to the hydroxyl-rich surface of the calcium aluminate principal layers. It is important to note that expansion of the interlayer d-spacing is not observed in the pure calcium aluminate, which has a maximum layer spacing of 10.6Å when fully hydrated. 22 This is revealed by the graph in Fig. 4 , in which the peak corresponding to unmodified calcium aluminate (11) (12) ± 2Q) shifts only slightly when the humidity is increased from 0% to 90%.
It is clear that the unique nanostructure of the organoceramic, containing hydrophilic organic polymer chains intercalated between calcium aluminate layers, is responsible for the reversible expansion observed. We hypothesize that it may be possible to exploit these humidity-dependent dimensional changes in the development of a chemomechanical switch. Additionally, the expansion of the gallery region could be exploited to activate the release of an intercalated chemical compound, such as a pesticide, drug, or other therapeutic agent. For example, a humidity-sensitive agricultural release system might be envisioned in which release of an intercalated agent (pesticide, herbicide, etc.) is activated by rainfall or an increase in humidity and is turned off during periods of drought. ions was prepared by stirring 5 g of monocalcium aluminate (CaAl 2 O 4 , 99.99%, Alfa Chemicals) in 500 ml de-ionized water for 90 min at room temperature and then removing undissolved solids by filtration. The PVA concentration was 100 mM with respect to the total precipitation volume. After cooling both solutions to 5 ± C and purging with N 2 , 1 part of the Ca͞Al solution was transferred via cannula into 5 parts of stirred Ca(OH) 2 ͞PVA solution. Precipitation began to occur within minutes after the start of transfer and was allowed to continue to completion (ϳ24 h). Organoceramic was isolated from the reaction mixture by centrifuging and decanting the supernatant, followed by washing and de-ionized water and acetone prior to drying in vacuo. Dry powders were stored over CaSO 4 at 5
